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Removal of carbon monoxide, hydrocarbons and nitrogen oxides from the exhaust gas from lean-bum, diesel and other engines 
which produce exhaust gases containing excess oxygen is provided by a multicomponent catalyst having different catalytic components in 
sequence, each capable of reducing nitrogen oxides within a particular range of engine operating temperatures. The first catalytic component 
may be a component such as Au, Pt/Au alloys, oxidized Cu, oxidized Ag, Ga203, In203, Sn02, Cu, Ag or CoO and the first catalytic 
component reduces nitrogen oxides at a temperature between about 475 and 800 °C. The second catalytic component may be a component 
such as Pt/Ag alloys, Pt or Rh and the second catalytic component reduces nitrogen oxides at a temperature between about 315 and 475 
°C. The third catalytic component may be a component such as Pt, Pt/Rh alloy, Pt/Pd/Rh alloy or Pt/Rh/Co alloy and the third catalytic 
component reduces nitrogen oxides at a temperature between about 200 and 425 °C. 
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WO 00/00272 PCT/US98/19281 
REDUCTION OF NITROGEN OXIDES IN THE EXHAUST GASES FROM INTERNAL COMBUSTION ENGINES 

BACKGROUND OF THE INVENTION 

5 The invention relates generally to the control of hydrocarbons (HC), carbon monoxide 

(CO) ? and nitrogen oxides (NO x ) in the exhaust of internal combustion engines. More 
particularly, the invention relates to the removal of NO x when the exhaust gases include 
excess oxygen. This is typically the case with lean-burn engines, diesel engines, and other 
engines currently under development which are designed and produced to operate with 

1 0 amounts of oxygen beyond that needed for combustion of the fuel. 

In recent years three-way catalysts have been used to remove all of the three principal 
noxious components in auto exhaust gases. The engines are run with stoichiometric air/fuel 
ratios and the catalysts are able to remove all three components at the same time, that is. a 
single catalyst is sufficient over the range of engine operating temperatures. More recently, 

1 5 development of so-called "lean-bum" engines is being driven by the desire to improve fuel 
economy. Such engines operate with air-fuel ratios which are far from the typical 
stoichiometric conditions. Instead of an air-fuel ratio of about 14.55/1 by weight, the 
lean-burn engine may operate with air-fuel ratios above 18/1, up to about 22-24/1. or even 
higher ratios for diesel engines. Under such conditions the engine exhaust may include less 

20 carbon monoxide, but will still contain excessive amounts of hydrocarbon and nitrogen 

oxides. Most catalysts are quite capable of converting hydrocarbons and carbon monoxide at 
such conditions, since the oxygen content is high, usually about 3-10% by volume. However, 
such conditions are not generally favorable for the reduction of nitrogen oxides. Much effort 
has gone into a search for catalysts that can effectively destroy nitrogen oxides under 

25 oxidizing conditions, but the results have not been satisfactory to date. Published information 
most pertinent to the present invention will be discussed below. 

The use of base metals, particularly copper, ion-exchanged onto a zeolite support has 
been proposed by many workers in the art to be effective for reduction of nitrogen oxides. 
Others have suggested that such a catalyst should be combined with oxidation or three-way 

30 catalysts, usually in sequence. Toyota has proposed such arrangements in applications 

published in Japan. In JP -Kokai 3 1 0742/1 989 reference is made to earlier applications in 

I 
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which zeolites carrying transition metals are combined with downstream three-way or 
oxidation catalysts. These were said to be deficient and a catalyst was proposed which added 
noble metals to a copper-zeolite catalyst. Various methods of combining these materials are 
suggested. A related application is JP Kokai 127044/1989 in which, an oxidation catalyst is 
5 deposited as a first layer, followed by a second layer of copper on a zeolite. 

In EP 0488250A1 Toyota proposed three catalysts in series. . Toyota discusses the use 
of various catalysts for removal of NO x from the exhaust of lean burn engines. Pt on zeolite is 
useful at low temperatures and Gu on zeolite .at higher temperatures, but other catalysts are 
shown to be useful at inlet temperatures of about 300 °C. These are the noble metals 

10 combined with the oxides of rare earth metals and' metals from Group IVa of the Periodic 
Table (IUPAC), such as Ti, Zr, and H£- 

In EP 0494388A1 the applicants, disclose two stages of catalysts for first removing 
nitrogen oxides and then oxidizing the remaining hydrocarbons and carbon monoxide. The 
NO x removal catalysts are defined as phosphates, sulfates, or aluminates of transition metals 

15 of the 4th period of the periodic table (e.g; Gr 9 Mfc.-Fe, Co* Ni * Cu ?r Zn). The oxidation 

catalyst is generally described as a-noble:metal,.-a base metal or a perovskite on a support. 

There are two generally 'recognized routes to removing nitrogen oxides. First, the 
nitrogen oxides can be completely decomposed to. produce diatormc nitrogen and diatomic 
oxygen. This reaction is thermodynaniicaliy .favored; but is extremely slow. Moreover, 

20 catalysts which are able to promote this reaction under the highly oxidizing conditions and 
high temperatures found in typical automotive engine exhaust have not yet been found. The 
second route is the chemical reduction of nitrogen oxides using -as reducing agents those 
gases already present in the exhaust, such as carbon monoxide, hydrocarbons, and hydrogen. 
This is considered to be the mechanism of the thr ee-way catalyst. However, such catalysts 

25 were originally developed to interact with the exhaust from an engine operating at or about a 
stoichiometric air-fiiel ratio, thus containing little or no excess oxygen. When a large excess 
of oxygen is present, as in a lean-bum or diesel engine, the oxygen tends to preferentially 
react with the hydrocarbons, carbon monoxide, and hydrogen, thus removing those reducing 
agents usually needed to remove nitrogen oxides. The present inventors have found that this 

30 problem can be overcome. 

Those working in this field intend to either decompose nitrogen oxides into the 
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elements directly cr to reduce them using reducing agents under oxidizing conditions. The 
catalysts and catalyst systems of the present invention are considered to function by reducing 
the nitrogen oxides rather than decomposing them< However* that conclusion was reached 
based on experimental evidence' arid is not an essential aspect pf this invention. The reaction 
5 mechanisms by which hitrdgert oxides are reduced ^re>beldeyed to vary -depending on the 
catalyst and the'operatiiig ^ ■ ^ o;vj;:^W" \ > ^ 

This inventiori'is-based/at least in party onlhSdisco^ry that qatalysts which, function 
to promote exhaust gas-purification tinder appropriate 

vehicle engine will behave m a UiriMecl tempera1xireirange;within those operating conditions to 

1 0 selectively convert nitrogen oxides; This was~surprising, as it Js generally contrary to the 
experience with three-way catalysts—which become active ("light-ofP!) at a temperature of 
about 250° to 35t) d 6 Md th^^ monoxide 
while reducing nittogen oxides-over ^ th&^Mt¥a^ge of operating tempemtures, sa^ about 300° 
to 800°C. mnsnvlu .mzllvz ,sS:?A?zox[q L-^rJ^b r-rz'ti&cc it 

1 5 It should Be^nbted'Kere ihat the i&ompositiota M lauto ej&^ust ai>d .its temperature 

changes as driving CdnditidftS ^ te^^a^.e?diaust . catalysts require 
that a car be operated 6V6r ^ range of conditibns:r^^^ntipg;tyi>ic^l driving. ] Once three-way 
catalysts have reached ojjiemti^^ by the 

exhaust gas temperatifre/''?I1ii&4^ not <ther case* operating 

20 in the lean-burn mode. Ithas been found . that such catalysts ^eeffectjve ■ in removing 

nitrogen oxides only over a 1M such-range they are not 

effective. As will be appreciated^ such a characteristic's not compatible with the usual 
variation in engine exhaust temperatures that occurs during typical driving conditions. We 
have found that by proper selection of catalysts it is possible to remove nitrogen oxides from 

25 exhaust gases containing excess oxygen at temperatures within the full operating range of 
about 170°C to about 700° C. - 

Selection of catalysts for this difficult task: requires consideration of the characteristics 
of each catalyst. It is believed that the chemical reactions differ, with the catalyst composition 
and the temperatures of operation. Consequently, it has not been possible to find a single 

30 catalytic component capable of covering the full temperature range of lean-burn engine 
exhaust in the same manner as has been done with engines operating with stoichiometric 
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air-fiiel ratios. Based on the results of cur experiments we believe that there exist certain 
catalysts that are not only capable of reducing nitrogen oxides within a specific particular 
temperature range but still remain very effective for oxidizing hydrocarbons and carbon 
monoxide at other temperatures. Thus, it appears that providing for both the reduction of 
5 nitrogen oxides and the oxidation of their reducing agents involves not only selection of the 
proper catalysts but the proper combination and positioning of catalysts in order to achieve 
the desired reduction of nitrogefc oxides throughout the range of operating conditions of a 
lean burn engine. 7 



10 SUMMARY OF THE INVENTION 

It is a feature of the invention to provide a multicomponent catalyst capable of 
removing carbon monoxide, hydrocarbon, arid nitrbgen oxides from the exhaust gases 
produced by an engine that is Operated with ah excess of air relative, to that required for 
stoichiometric combustion of the fuel, SucfraS le^*wn-diesel; and the like. The catalyst 

15 comprises at least two catalytically active bxidktioti components, each component being 
additionally capable of reducing 1 nitrogen brides, but only effective at such NO x reduction 
within a particular narrower temperature range within that temperature range of catalytic 
activity for oxidation of the: ^ c^boh inonoxide andrhydrocarbons* and each component being 
active to reduce NO x at a temperature range that is different from the other. In combination, 

20 the catalytic components are positioned with regard to one another such that they are able to 
reduce nitrogen oxides oVer the full range of engine operating temperatures. Additionally, by 
proper placement of the catalytic components, the catalyst will function. effectively to oxidize 
carbon monoxide, hydrocarbons and hydrogen at the same time that the nitrogen oxides are 
being reduced. In particular, the catalytic components are placed so that the least active 

25 oxidation component is exposed to the exhaust gases first, followed by the next least active 
and so on, with the most active oxidation component being the last to be exposed to the 
exhaust gases. 

In one embodiment, three catalytic components are separately made and individually 
placed in the following sequence to remove carbon monoxide, hydrocarbons and nitrogen 
30 oxides from the exhaust of lean-burn engines: 

(a) a first catalytic component active to reduce nitrogen oxides at temperatures 
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above the second and third components, for example from about 475 °C and up 
to about 800 °C, with several acceptable first components identified herein, 
the preferred first component being cobalt atomically dispersed on gamma 
alumina; 

5 (b) a second catalytic component active to reduce nitrogen oxides at temperatures 

within a range above the third component and below the first component, for 
example from about 3 15./.G and up to about 475°C, with several acceptable 
second components identified herein, the preferred second component being 
an alloy of platinum, rhodium, and cobalt dispersed on a barium oxide 
10 stabilized delta alumina; and 

(c) a third catalytic component, active to reduce; nitrogen oxides at temperatures 

below the range of the second component, for example from about 200 °C and 
up to about .425 9 G, with several acceptable third components identified herein, 
the pi eferred third. component bem and rhodium 

15 dispersed on an. alpha d^ina guppoyt.. ; , .. . 

In another embodiment of the jfl^^ are deposited 

on a single substrite^in order of decreasi^ oxi^tive activity.. That is,j the. third component, 
that component c^ about 200°C and 

up to about 425°C aS described-above* is^eposited on asubstrate first. Then the second 
20 component is deposited on top of the third component followed, in turn, by deposition of the 
first component on top of the second component, : In this embodiment the exhaust gas initially 
comes in contact with the least active oxidation component. The second catalytic component 
sees the exhaust gases only after the gases pass through the first component; in turn, the third 
catalytic component sees the exhaust gases only after they have passed through the second 
25 component. 

Either of these' embodiments may be employed in catalysts of this invention that 
comprise only two catalytic components. A two-component may be suitable in either of two 
situations: - • «•. 

a) those in which one or-both components of a two-component system have 
30 broad active temperature ranges wherein the second component completes the 

desired exhaust gas treatment that the first component has started, and 
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b) those comprising two-component multi-component catalysts in which one 
component displays the desired activity over two temperature ranges that 
straddle the active temperature range of the second component. 
In another aspect, the invention is a method for reducing nitrogen oxides and 
oxidizing carbon monoxide and hydrocarbons in the exhaust from lean bum engines using the 
multicomponent catalysts describied above. 

It is yet another feature of this invention to provide a method for choosing "catalytic 
components that may be combined to form a multi-component catalyst capable of removing 
carbon monoxide, hydrocarbons, and nitrogen oxides from the exhaust gases produced by an 
engine that is operated with an excess of air relative to that required for stoichi ometric 
combustion of the fuel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a plot of conversion of NO x , Hf \ and CO versus temperature for a catalyst 
of the invention. 

Figure 2 is a plot of conversion of NO x , HC, and CO versus temperature for a first 
catalytic component of the invention. 

Figure 3 is a plot of conversion of MO x , HC, ><nd CO verms temperature for a second 
catalytic component of chc invention. 

Figure 4 is a plot of conversion of NO x , HC, and CO versus temperature for a third 
catalytic component of the invention. 

Figure 5 is a plot of conversion of NO x , HC, and CO versus temperature for the first 
and third catalytic components of the invention in the preferred and reversed order. 

Figure 6 is a plot of hydrocarbon conversion versus temperature for the three catalytic 
components comprising the multi-component catalyst used in Example 1 1 to illustrate the 
method of selecting multi-component catalysts of this invention. 

Figure 7 is a plot illustrating step 6 of Example 1 1 . 

Figure 8 is a plot illustrating step 10 of Example 1 1 . 

Figures 9 and 10 are plots illustrating step 11 of Example 11. 

Figure 1 1 is a plot illustrating step 12 of Example 1 1 . 
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DESCRIPTION O? THE INVENTION 

The invention comprises a multi-component catalyst consisting essentially of at least 
two catalyticaliy active components each characterized in, having activity to reduce nitrogen 
oxides within a particular teriiperature range that is different from the other(s) and being 
5 disposed physically so that th£ component being the least active as an oxidation catalyst is 

exposed to the exhaust gases first followed by the relatively, more active, pomponent(s). Many 
multi-component catalysts of this invention will consist of three or more different catalytic 
components, each possessing activity in a different temperature r^nge v In some cases, 
however, two components are sufficient. In addition to gases, in which one or both 
1 0 components of a two-component system have bi;oad active temperature ranges wherein the 
second component completes the desired exhaust gas treatment that the first component has 
started, two-component multi-component catalysts of this invention comprise those in which 
one component displays the desired activity over / two teiipperature ranges that straddle the 
active temperature range of the second component. 

15 

First Catalytic Component 

The first catalytic component in the sequence, will receive exhaust gases immediately 
after they leave t*ie engine. Consequently, the exhaust gases will be hotter and contain the 
highest concentrations of hydrocarbons, carbon monoxide, and n:trogen oxides. This first 

20 component should have the capability of reducing nitrogen oxides at such high temperatures, 
but should have relatively lower ability to oxidize residual hydrocarbons, hydrogen and 
carbon monoxide w> C0 2 and H 2 0, when compared to the other components. Such residual 
reducing agents can be cleaned up by the downstream catalytic components. 

The temperature of engine exhaust gases may vary from 200°C to 900°C depending 

25 on the operating conditions. The first catalytic component therefore should be catalyticaliy 
active at temperatures in the upper portion of the range, particularly above 600°C. When the 
temperatures are below that at which the first component is effective, the gases will pass with 
only minor changes to the second and third components, although at slightly lower 
temperatures since some heat will be lost. 

30 Catalysts suitable to serve as the first catalytic component include: 

Au supported on alumina, in particular those materials taught by Kung et al 
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reported in Studies in Surface Science and Catalysis , vol. 101, pages 701-710, 
1997; 

Pt/Au alloys and mixtures supported on alumina; 

• Oxidized Cu supported on alumina; 

• Oxidized Ag supported on aluuiina, particularly those catalysts wherein the 
silver oxide comprises crystallite? or clusters highly dispersed on an alumina 
having high surface area, such as y -alumina or ^-alumina, and wherein the 
catalyst is snow-white in cclcr; 

• Ga20 3 supported on alumina* -such as -those materials contemplated by Haneda 
ei aL reported in Chemistry Letters , pages 181-182, 1998; 

• ln 2 0 3 supported on alumina comprising between about 0.5 wt. % and about 20 
wt. % in prepared either by impregnation of an indium salt onto a high- 
surface-area alumina, such as one of the transitional phases (e.g., y, tj, 6, or 0) 
or by the sol-gel process known to those skilled in the art; 

• Dispersed Sn0 2 supported on alumina comprising between about 1 wt. % and 
about 20 wL % Sfc0 2 2Jid a Mgh-3iirfaee-£rea alumina, such as one of the 
transitional phases (e.g., Y>n> S, or d% preferably an alumina having a surface 
area greater thaii '/ 5 mVgm.; ; ; \ 

• Cu and Ag supported o*i zeolite, particularly a composition wherein said 
zeolite is crystalline avid has a Si/Ai atomic ratio between about 5 and about 
100, a pore size between about 0.5 nra and about 1.3 nm, essentially no 
octahedral aluminum detectable by 27 A1 NMR spectroscopy and a sodium ion 
exchange capacity, with regard to total aluminum content, greater than 75%, 
and wherein the copper content is between about 0.5 wt. % and about 12 wt. % 
and the silver content is between about 0.25 wt. % and about 20 wt. %; 

• Pt supported on a mixture of alumina and an aluminosilicate in the proton 
form possessing the MFI structure and a Si/Al mole ratio of 1 9 (in two- 
component systems only - see discussion on two-component catalysts below); 
and 

• CoO supported on y-alumina. 
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CoO supported on y-alumina 

Of the many acceptable first catalytic components, cobalt oxide deposited on a gamma 
alumina support is preferred. This catalyst has been found to be effective for reduction of 
nitrogen oxides and oxidation of hydrocarbons at temperatures above about 475 °C. Below 
5 that temperature, only a small effect is seen. Consequently, it will be appreciated that this 
catalyst is particularly suited for the lole allotted to the finrt catalytic component. 

Similar caialfsis hkve been disclosed by Hamada eial., Applied Catalysis, 1991, 75, 
L1-L8 who impregnated alumina with solutions of cobalt compounds, followed by drying and 
calcining. They reported' that the ability of the catalyst to reduce NO to N 2 was strongly 

10 affected by the source of the cobalt and; that ihe performance of alumina alone was 

significant. The temperature of 'eatei»ation;was suggested to be a factor and it was speculated 
that formation of cobalt alumiriate species was involved in the improved performance found 
with higher temp^atttte calcination of cobalt acetate on y-alumina. The authors postulated 
that N0 2 was foime& tr^^ by reduction with an oxygenated species 

15 of propane. -ww ^ntenq/no;; Gmm;_-Lo *v 

The cobalt ediftettt £>f thetpBE&iTe%fjxst cctal} ty* component may be from about 4 to 
35%, preferably 7* to i 14?4;iby weight of the eatalytic component We believe that the catalyst 
performance is enhanced by preparations the&provrde stomically dispersed cobalt oxide. 
Various methods for prepatatioiiJiaay ;b9.u^d, such ar those discussed by Bai et al., J. Solid 

20 State Chem. 91 v 148,152 (1991).uHowever, it should be noted that the study by Bai et al. had 
no relation to the'present use for CoO on y-alumina catalysts. Various precursor compounds 
were used to irnpfegnate gamma alumina, and the impregnated support then dried at 230 °C 
and finally heat treated at 450 °C. In particular, we prefer to use an aqueous solution of cobalt 
acetate and adjust the pH to 2.4 with acetic acid prior to the impregnation of y-alumina. 

25 More broadly, other cobalt compounds such as cobalt (II) carbonate could be used. However, 
the pH of the solution must still be adjusted to between about 2 and 4 by addition of an acid 
such as citric acid, tartaric acid, glycolic acid, lactic acid, malic acid, or the like prior to 
impregnation. 

The alumina should be a gamma alumina since it has been found that other types of 
30 alumina provide poorer performance with regard to the reduction of nitrogen oxides. 

However, gamma alumina is gradually converted to other crystalline phases when exposed to 

9 
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Consequently, the presence of some of the higher forms of alumina is not 



Second Catalytic Component 
5 The second catalytic component of this invention wil) come in contact with the 

exhaust gases after they have been exposed to the first component. At that time, if the 
operating conditions for the first component were within its range of selective activity, that is, 
for the preferred CoO/y-alumina above about 475 °C S a significant amount of nitrogen oxides 
and hydrocarbons in the exhaust will have been substantially destroyed. If the first catalytic 

1 0 component doesn't precisely match the imtiail operating temperatures, there may have been a 
lesser amount of conversion. In such case, the second catalytic component, which is most 
effective in the operating range above about 315 °C and generally below about 475 °C, will 
provide the principal catalytic activity. Conversely, when the first catalytic component is 
within its operating range the second component acts as a "back up" to further reduce the 

1 5 amount of the hydrocarbon and cmbon monoxide which remain. 

Suitable second catalytic components are those having good intermediate temperature 
light-off characteristics with high selectively for NO x reduction at temperatures near light-off. 
Examples of such materials include Pt/Ag alloys and/or mixtures supported on alumina, Rh 
supported on molecular sieves and, when the multi-component catalyst comprises two 

20 components, Pt supported on a Y-zeoIitc (see discussion on two-component catalysts below). 
The preferred second catalytic component for three-component systems, however, has at least 
two unique features. First, it employs a new support, which is a barium-stabilized delta 
alumina. Second, it combines noble metals, particularly platinum and rhodium with cobalt in 
an alloyed form, which will be seen to provide advantages relative to the comparable 

25 non-alloyed metals. 

The support for the preferred second catalytic component is prepared by a sol-gel 
procedure which produces a very stable delta alumina and, although it contains a substantial 
amount of barium, appears to be solely alumina when examined by x-ray diffraction. Suitable 
procedures for the preparation of this support are disclosed in United States Patent No. 

30 5,389,589, which is incorporated herein by reference. 

Another feature of the preferred second catalytic component is the use of alloyed 

10 
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noble metals from Group VIII. Heretofore, it has been thought that alloying was detrimental 
to catalyst performance. See, for example, J.T. Kummer, J, Phys. Chem. 1986, 90, 
4747-4752. Also, sintering of the noble metal crystallites has been seen in aged auto catalysts, 
suggesting that loss of activity is associated with sintering of the noble metals. Typical 
5 three-way catalysts used with engines operated with a stoichiometric air/fuel ratio are 

prepared by impregnating supports with noble metal solutions and hqating to temperatures of 
about 450 to 700°C. This process does and is intended to decompose the. #qble metel 
compounds and leave the metals as separate crystalhtes;on; the support. In the [present -catalyst, 
which is for use with engines operated under oxidizing conditions; it has-been found that 

10 alloying the noble metals provides highly durable catalysts with a preference for reduction of 
nitrogen oxides. Alloying of the noble metals may b&done by yarious method^. One 
preferred method of alloying is lo hydi^t^^ in an 

atmosphere contafrimg ; 3 t6 30%'steimt^rcferably afco^ 10% steam (remainder an inert gas 
such as nitrogen) at tempif&tiircs &£&bo\n 6(Xtfrfto 12QQ°G until the alloying is r completed. 

15 Since the support is a\sd : fy&3ifc6& fey a^>T0Eessr>\iij0fe^S€?s a hi^ tej^^ratiH-e treatment to 

convert the alumiiia itftfrfc §tM>te tftit#&lanraiia^at i^fe^U^f M ?§ft?uGh a;process to alloy the 
noble metals. n: nou^h^; V Q'/ :ot Ao^\:^ohcc,L • ri:iv/ 

The noble Ifte^ Generally, only Pt, 

Pd, and Rh are usfedih auto^^ catalysts; For the r second ; catdytic component of 

20 this invention, Pt and Rh are preferred in atomic proportions qf 5/1 to 30/1 , although Pd could 
be included if desired. In addition, the secondf catalysts nray cpntain a minor amount of 
cobalt, or another a base metal selected from Ni and Fe, and metals of Groups IVa and IVb 
such as Sn, Ce, Ti, and Pb. The noble metals will be about 0.01 to 5.0 g/L, preferably 0.7 to 
3.6 g/L, most preferably 1 .0 to 2.5' g/L, if disposed on a monolithic carrier. The cobalt or 

25 other base metal, if present, will be about 0.01 to 3.0 g/L, preferably 0.1 to 1 .0 g/L, most 
preferably 0.2 to 0.5 g/L, if disposed bh ! a-monolithic carrier. 

Addition of the noble metals may be done by impregnation techniques familiar to 
those skilled in the art or deposition of colloidal alloys onto the support material. Generally, 
these procedures involve contacting the: support .with an aqueous solution of the metal (or 

30 metals) compound to be deposited and subsequently drying and heating the impregnated 

support to decompose the metal compounds. The concentration of the metal compounds in 
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solution will be adjusted to provide the amount of metals in the finished catalyst. Suitable 
noble metal compounds include the halogenated compounds (e.g. chloro platinic acid, 
rhodium chloride), nitrates (e.g. rhodium nitrates), acetates (e.g. rhodium acetate), and for 
platinum the sulfite acid (hydroxy disulfite platinum II acid).. Preferred noble metal 
5 compounds include rhodium nitrate, rhodium sulfite, rhodium oxalate, platinum oxalate and 
platinum sulfite. 

The base metal cobalt is preferably applied by impregnation of the support with an 
aqueous solution of a cobalt compound, such as cobalt II nitrate, although others such as 
cobalt acetate and cobalt oxalate may also .be used. The choice of base metal compounds will 
1 0 be determined by their kinetic ability to alloy .with platinum. 



Third Catalytic Component 

The third catalytic component is a very active catalyst capable of oxidizing 
hydrocarbons and carbon monoxide under lean-burn conditions at temperatures as low as 

15 150°C and of reducing nitrogen oxides in th? winc'ow between about 200°C and 425°C. 

This component has the lowest temperature. "vra?4cw n of the three. It will reduce nitrogen 
oxides principally during the .period after initial ermine start and any other conditions where 
the exhaust gases are relatively cold, such. as during extended engine idle or low speed 
cruising. It is placed in- the third position not on!y becav»s« the exhaust gases are the coldest 

20 there, but because if located upstream o.f the first or second catalytic components it would 
remove practically all the reducing agents necessary for the first and second components to 
operate effectively to convert nitrogen oxides when the gas temperatures are higher. That 
would render the first or second catalytic component ineffective even at those temperatures at 
which they should be operating to reduce nitrogen oxides and the third catalyst is not able to 

25 do so. 

It is a unique feature of the preferred third catalytic component that it is disposed on 
or near the surface of an alpha alumina support. Such materials are known to have a low 
surface area and would ordinarily be avoided in formulating auto exhaust catalysts. However, 
it has been discovered that the higher surface area aluminas, such as the y -aluminas tend to 
30 have undesirable interactions with rhodium in auto exhaust catalysts under oxidizing 

conditions. The surface loading of the noble metals may be accompl ished by impregnation 
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techniques familiar to those skilled in the art. 

The noble metals of Group VTII will be Pt, Pd, and/or Rb, preferably Pt and Rh in 
atomic proportions of 5/1 to 30/1 v the- total noble metal content being about 0.01 to 5.0 g/L, 
preferably 0.7 to 3.6 g/L, mbst preferably 2:5 g/L,' when disposed. on a monolithic 
5 carrier. ic^r - _ : . :vr}il trtUi ' :x <ir .a 

The methods of producing such catalysts may be similar to those discussed above in 
connection with the second catalytic component. Typically/ the noble metals will be 
impregnated onto the alpha aloimm^ atorn^ar the surface, 

After drying and optionally calcining, the catalysts wilLbei given ,a hydrofliermal ( treatment at 
10 high temperature to alloy the nobld metals, Again, it may. be; noted that since the support is 
stable at high temperatures, the use of very high temperatures to alloy the noble metals is 
feasible. 

Two-Component Catalysts -t>UMf ■■>btzw'->:r. :i,^r<tj one -a. 

1 5 Two-Component eataiysts o^tfte ^fe^t^vention comprise both^ those in which the 

second component completes the dewii^d'e^arerst^gasttreatmerit that Jhe&rst component has 
started and those in which one compon6fftdisp%^4he::desfr^ temperature 
ranges that straddle the active temperature raiigfc of ^ sdcond fawponqnt.^ 

The former class comprises a fiist component frori* th6 ; list of catalysts suitable as the 

20 first catalytic component above, excluding CoO supported on ^-alumina and Pt supported on 
Y-zeolite, and a second component comprising Pt supported on Y-zeolite. 

A suitable catalytic component combination for the latter class (i.e., the straddle class) 
combines two different Pt supported on Y-zeolite catalysts. In this embodiment, the first 
component comprises Pt on a mixture of alumina and an alumincsilicate possessing the MFI 

25 structure and the second component comprises dealuminated Y-zeolite crystals in the proton 
form having diameters within a ranga of 0.5 jim. to 50 jam. and having between about 0. 1 wt. 
% and about 2 wt. % Pt dispersed thereon in a manner such that at least 90 % of the Pt is 
located within 500A of the exterior surface of the crystals. In this embodiment, the first 
catalytic component displays active temperature ranges that straddle the active temperature 

30 range of the second component. 

Either of the aforementioned Pt supported on zeolite catalytic components are also 
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Disposition of the Catalytic Components 
5 The three catalytic components just described may be placed in sequence by several 

methods. The most obvious method would be to place such catalysts in separate containers, 
and then position them in sequence* with the first catalytic component closest to the engine 
exhaust. The supported catalytic components typically would be disposed on a ceramic or 
metallic monolith of the type commonly used in current commercial practice. Alternatively, 

10 nbn porous pellets could be substituted for the monoliths. Although the catalysts have been 
described as being disposed on supports, in order to place them on non-porous carriers it may 
be preferred to wash-coat the supports first onto the earner, that is, with y-alumina for the 
first catalyst; BaO-6-alumina for the second catalyst, and a-alumina for the third catalyst, and 
thereafter deposit the active catalytic metals on the ^washv. coated earner. 

15 Alternative methods suggest themselves. For exaBiple^a single unit would be made 

by placing the catalytic components in sequence on a single monolith or by packing pelleted 
catalytic components in sequence into : a single container. Such methods would be less 
expensive but might provide less flexibility in disposition of the catalysts. 

20 Method for Choosing Catalytic Corhtionents to Form a M ulti-com ponent Cataly st 

As previously discussed, the order in which the catalytic components are placed is 
important. This is illustrated in Figure 5 in which the performance of the preferred first and 
third catalytic components is shown. It will be seen thai, if the first catalytic component 
(CoO-yA1 2 0 3 ) is downstream of the third catalytic component (Pt, Rh-a-Al 2 0 3 ), there will be 
25 no reduction of nitrogen oxides at temperatures above about 425 °C. 

One method for choosing suitable components and their order of placement in a multi- 
component catalyst employs the following twelve- step procedure: 

1 . Determine the NO x and hydrocarbon conversions of candidate catalytic components as 
a function of temperature. 
30 2. Eliminate all candidate components that do not catalyze selective reduction of NO x 
using hydrocarbons as reducing agents in oxidizing catalysts. 
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Eliminate all candidate components surviving step 2 that do not catalyze oxidation of 
hydrocarbons under oxidizing conditions. 

Propose one or more multi-component catalyst(s) suitable for the desired exhaust gas 
treatment by selecting and arranging their erder of assembly from the candidate 
components surviving step 3. 

For each of the*>proposed multi-component catalysts from step 4, construct 
mathematical^ftmctions for each; component that is the NO x con version of that 
component? S >tG x ^conversion ^s?a funetionjof temperature. 
For each 6f the proposed multincoinponent catalysts from step 4, construct a 
mathematical function that isithe maximum NO x conversion of that multi -component 
catalyst's candidate Gomp6pents'-N0 x conversions as a function .of tenipprature. 
Using theT functions fromistep 6; define each proposed multi-component catalyst's 
NO x reduc&oii ^ "wittdow as*the>.range, of temperature between the lowest and highest 
temperatufieffiat^NO^coriversiDn is greater than zero. ^ 
Elimin^e"tii&ise gafididatetmulti-component catalysts for which the mean value of 
each of the litecti^flfe constructed in step 6 for its reduction window determined in step 
7 is not greater thate -the greatest m^ components' set of 

mean values of the'fe^ 5 for the same reduction window. 

For each candidate multi-component catalyst surviving step 8, designate its 
component proposed Tor operation at the^highest temperature range as component #1 , 
the component proposed fo£ operation at the next highest temperature range as 
component #2 and so on through the component for operation at the lowest 
temperature range, designated components n. 

For each candidate multircomponent catalyst surviving step 8 and using the 
component designations from step 9, construct a series of n-1 functions of 
hydrocarbon conversion vs. temperature where the hydrocarbon conversion of 
component #1 is the first function in the series* the sum (limited to 100 %) of the 
hydrocarbon conversions of components #1 and #2 is the second function in the 
series, and the sum (limited to 100 %) of the hydrocarbon conversions of components 
#1, #2, and #n-l is the, n-1 function jn the series. 

Eliminate all candidate multUcomponent catalysts surviving step 8 for which the 
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temperature range for NO x reduction by component #n does not occur at a temperature 
range where the hydrocarbon conversion of the n-1 function determined in step 10 is 
more than essentially zero, the temperature range for NO x reduction by component 
#n-l does not occur at a temperature range where the hydrocarbon conversion of the 
n-2 function is more than essentially zero, and the t^irperature range for NO x 
reduction by component #2 does not occur at a temperature range where the 
hydrocarbon conversion of the first function is more than essentially zero. 
12. Multi-component catalysts of this invention suitable for the desired exhaust gas 
treatment are those candidates surviving step 11. 

Example 1 

Preparation of the Preferred First Catsivrl : Component 

An atomically dispersed 8 wt.% CoO on y-alumina catalyst was prepared by the 
following process: 

18.4 g cobalt (II) acetate hydrate was dissolved in 450 g deionized water. 450 grams of 
glacial acetic acid was added, whicn produced a pH of 2.7. Hie product was then transferred to 
a rotary steam evaporator and 50 g of 20-40 mesh y~A1 2 Q 3 (made by calcining LaRoche Forming 
Grade boehmite) was added. The resulting mixture was then evaporated to dryness over a 3-hour 
period. The dried material was calcined for 2 hours at 1 50°C and then at 600° for 6 hours. 

Example 2 

Preparation of BaO-S-AU O- , Support 

250 mL of a boehmite sol (VISTA Chemical Dispal 1 1N7-12) was placed in a 4000 mL 
beaker. 15.82 g barium acetate was dissolved in 10.3 mL of deionized water. The boehmite sol 
was stirred and the barium acetate solution along with 40.5 g of polyethylene glycol (Sigma 
PEG3265) were added simultaneously, producing a gel. The gel was transferred to an 
evaporating dish and dried in an oven at 120°C. The dried gel was then calcined at 1000°C for 
6 hours. A pure 6-alumina was the result, with no evidence of separate barium-containing 
phases. 
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Example 3 

Preparation of the Preferred Second Catalytic Component 

9.45 g of platinum sulfite acid solution (2.55 wt.% Pt), 2.44 g of rhodium nitrate solution 
(0.50 wt.% Rh), and 0.036 g of cobalt (1!) nitrate hex?hydrate were dissolved in 170 g of 
deionized water. The solution was brought into contact with 1 8 g of the BaO-S-Al 2 0 3 support 
prepared as in Example 2 A. The resulting impregnated support was dried at 100° C for 3 hours 
and then calcined at 600°C for 6 hours. The calcined catalyst was hydrothermally treated at a 
temperature of about 1!40°C for 6 hours in an atmosphere of nitrogen containing about 10% 
steam to alloy the noble metals. 



Example 4 

Preparation of the Preferred Third Catalytic Co m ponent 

A. 15.8g. c f platinum, sqlfite acid solution (1.7.1 wt.% Pt) and 2.68g. of rhodium 
nitrate solution (0.50 wt.% Rh) were dissolved in 45 g of dleionized water. The 

1 5 solution wa3 btoiightintp^^o^ct with 20 g of a-alumina made by calcining at 

1350°C fqrj* hours ^ppm^grcjal y-^'umina supplied by UOP. The resulting 
impregnated support ;wa$ dbried at 100°C for 3 hours. The calcined catalyst was 
hydrothermallyrrtreated at :J a temperature of about 1194°C for 6 hours in an 
atmosphere of nitrogen-containing about 10% steam to alloy the noble metals. 

20 B. The preparation described above (A) was repeated except that 0.034 g. of cobalt 

acetate tetrahydrate was dissolved in the platinum-rhodium solution so that the 
resulting catalyst contained cobalt in addition to the noble metals. 



Example 5 

25 The three catalytic components prepared as described above were formed into pellets and 

placed in sequence in a single bed as follows. 1 g CoO on y-A1 2 0 3 (Example 1) at the reactor 
inlet, then 1 g Pt,Rh,Co on BaO-6-Al 2 0 3 (Example 3) and 1 g Pt,Rh on a-Al 2 0 3 (Example 4 A) 
at the reactor outlet. The sequential catalysts were tested by exposure to a synthetic exhaust gas 
containing 1200 ppm NO x , 3000 ppm CO, 1000 ppm H 2 , 1600 ppm HC (hydrocarbon), and 3.2 

30 vol.% 0 2 , remainder nitrogen and 1 0 vol.% steam. The temperature was gradually increased up 
to a maximum of 800°C (rise 1) and then reduced to 50°C and repeated (rise 2). The 
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performance of the catalyst is shown in Figure 1 for rise 1 . It can be seen that the conversion of 
NO x begins at a low temperature and appears related to the conversion of CO at first and then 
conversion of HC. The conversion of NO x is maintained at about 30% until about 700°C it 
begins to drop. Since the normal operating temperature range for automobiles only occasionally 
5 exceeds 650 °C, the removal of NO x is possible under most conditions. The operating 
temperatures of the individual catalysts tested in a similar manner are shown in Figures 2-4. It 
will be seen that as separate catalysts, each component has limited ability to cover the foil range 
of exhaust gas temperatures. However, by procedures well within the skill of the art, a composite 
of all three components will provide nitrogen oxide conversion for the entire range from about 
1 0 250°C to about 800°C. The best overall composite catalyst was found to be a 1 .5: 1 :2 ratio of Pt, 
Rh, Co alloy on a-Al 2 0 3 , Pt, Rh, Co bn barium oxide stabilized 6 (delta) A1 2 0 3 and CoO on y 
(gamma) A1 2 0 3 . ~ ~ ' . : . 

Example 6. : ; ; ; ; .< 

15 In the preferred order, 1 grain of CoO- on y~ AI 2 0 3 (Example .1) was placed at the reactor 

inlet and 3 grams of Pt,Rh,Co on 0>Al 2 O 3 (Example 4B) war* placed at the reactor outlet. The 
catalysts were tested according to the maimer of Example 5; results are shown in Figure 5. 
Contribution for NO reduction by both catalysts can be discerned from the Figure. In the 
reversed order, 3 grams of Pt,Rh,Co on c^Al 2 0 3 was placed at the reactor inlet and 1 gram of 
20 CoO on y-AI 2 0 3 was placed at the reactor outlet. The catalyst was also tested according to the 
manner of Example 5 and the results are shown in Figure 5. Although NO reduction catalyzed 
by the Pt,Rh,Co on a~Al 2 0 3 component can be discerned to have occurred between about 200 °C 
and 425 °C, NO reduction by the CoO on y-Al 2 0 3 did not occur. Thus, it can be seen that the 
catalysts must be in the order required by the invention. 

25 

Example 7 

Preparation of a catalytic component having Pt supported on a mi xture of alumina and an 
aluminosilicate in the proton form possessing the MFI structure and a Si/A l mole ratio of 19 
An aluminosilicate possessing the MFI structure and a Si/Al ratio of 19, in the proton 
30 form, was suspended in deionized water and a platinum sulfite solution was added. One gram 
of Pt, as the element, was added for every 70 grams of zeolite. The specific gravity of the 
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suspension was about 1.2. After stirring the suspension for two hours, sufficient 
tetrainethylammonium hydroxide solution was added to raise the suspension's pH to 7. Then a 
milled suspension of Condea SGFA-90 alumina, consisting predominately of 8-alumina with a 
median particle diameter of about 5 {im, wasaddedinan amount of 1 5 grams of alumina per 1 00 
grams of zeolite. The resulting suspension was stirred for oyer two hours and then coated onto 
1.8 liter cordierite mono^s having a cell density of 62..cells/cm,^ (400 cells/in, 2 ) using a method 
known to those skilled ii* the art. The: dry loading of catalyst washcoaj in# the. monolith was 
about 140 grams/liter 'ant the Pt loading was ! ,77 grams/liter. -. : ... .... ; , .. . 



10 - ■•• .;:>■=•/ i-: v.;.; .Example 8 . ,-. - .-• 

Preparation of a catalytic component of-d e »liiminated ¥-7.eolite, crystals in the proton form 
havinp diameters within a range of 0-5 urn, to 50 p. and havinp between about 0.1 wt. % and 
about 2 wt. % Pt dispersed thereon in a manner such that at least 90 % of the Pt is located within 
500A of the exterior surface of the c rystals,. I 
1 5 A sample 6f Catalyst was IpreparedJusing j&e- procedure pf -Example ,7 except that the 

zeolite used was- aidealurrfinated Y^zeolke,; ifrtte- proton form,. possessing a thin superficial 
alumina film on 'me zeolite <siystais7iThe-EHoad^ 2.5 grams/liter. 

U^oopib -:ct c-.w.; ziz rfjr«-' >_■< ;i.o';::wb..,i O'/ -.-r- '\. -r- 

.:. ?«••',• : ? ' , Example 9 <-} v. . ;r r ?v: •• 

20 A Quantity of y-alumiha was made by; calcining- Vista, pispal23N4^80 boehmite (lot no. 

6A-T04514J)at 150°C for 2 hours and then at 60Q°C for 6 ; hours. 1500 grams of the y-alumina 
were placed in : a rotary steam evaporator. Then 48.21 grams of AgN0 3 were dissolved in 1000 
grams of deionized water and sprayed on the y-alumina. The ajumina was dried overnight in the 
steam evaporator, calcined in air at 1 50°C for 2 hours and then at 600°C for 6 hours. About 1 50 
25 grams of the resulting material were milled in a high-speed mill for 5 minutes. The resultant 
slurry was calcined in air at 1 50°C for 2 ; hours and then at 600°C for 6 hours and sized to 20-40 
mesh. The resulting catalyst was examined and found Jo be snow white in color. 

: ■ • Example 10 
30 Preparation of Cu and Ap -support ^ nn ygolite catalyst 

A copper-silver zeolite catalyst was prepared by dissolving 3.32 grams of cupric acetate 
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hydride and 2.83 grams of silver nitrate into 1 liter of deionized water and a 20 grams of ZSM-5 
material provided by Conteka (CBV 5020, ID No 1 30-90-002, Si/Al atom ratio 25.5) was added. 
After stirring overnight, the pH was raised to 7.50 using aqueous ammonia and held there for two 
hours. After filtering, drying, and calcination at 400 °C for about 4 hours, the catalyst was 
5 divided into granules between 420yU and 850/U in size using wire screens. The copper and silver 
ion exchange contents on the resulting catalyst were 348 % and 82 %, respectively, and the ratios 
of copper and silver atoms to aluminum atoms were 1.74 and 0.82, respectively. 

Example 1 1 

10 This example applies the method of the present invention for choosing suitable 

components and their order of placement in a multi-component catalyst 

In this application of the method of this invention, the first catalytic component is 
oxidized Ag supported on alumina catalyst (hereafter designated "Ag/Al 2 0 3 ")> the second 
catalytic component is Pt/Rh alloy supported on a-alumina (hereafter designated "Pt/Rh/cc- 
AMVX and the third component is Pt supported on ZSM-5 (hereafter designated "Pt-ZSM-5"). 
Having determined that these catalysts selectively reduce NO x using hydrocarbons as reducing 
agents, this example begins at step 3, 

3. It is verified that each of these materials catalyze hydrocarbon oxidation. Curves 
showing their hydrocarbon conversion vs. temperature are shown in Figure 6. 

4. As proposed above. 

5. This functions required by this step are omitted here for brevity. 

6. This function is shown in Figure 7. 

7. The NO x reduction window from Figure 7 is from about 190°C to about 625°C. 

8. The mean NO x reduction for the function of Figure 7 is 32.7%. The mean NO x reduction 
over the same reduction window for the Ag/Al 2 0 3 is 28.7%, for the Pt/Rh/a-Al 2 0 3 is 
5.81% and for the Pt-ZSM-5 is 9.02%. Hence, the proposed combination is suitable. 

9. As proposed above. 

10. For this proposed combination of three catalytic components, n=3. The two functions 
needed are the hydrocarbon conversion of the Ag/Al 2 0 3 and the hydrocarbon conversion 
of the sum of the Ag/Al 2 0 3 and the Pt/Rh/a-Al 2 0 3 , limited to 1 00%. These two functions 
are shown in Figure 8. 
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1 1 . The Pt-ZSM- 5 (component #n in this three-component system) has its temperature range 
for NO x reduction mostly below about 200 °C where function #n-l from step 8 shows 
hydrocarbon conversion ..of essentially zero. This is shown in Figure 9. Similarly, the 
Pt/Rh/a-Al 2 0 3 (component #2 in this three-component system) mostly below about 

5 350°C where function #1 from step 8 shows hydrocarbon conversion of essentially zero, 

as showr: in Figure 10. 

12. The suitability of the proposed multi-component catalyst is shown its performance in 
reducing NO x in exhaust gas from a lean-bum engine over a wide temperature range, as 
shown in Figure 11. 
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CLAIMS: 

What is claimed is: 

1 . A multi-component catalyst for removing carbon monoxide, hydrocarbons, and nitrogen 
oxides from the exhaust gases of a lean-bum internal combustion engine operating with 
an air-fuel ratio above about 1 8 comprising at least two catalytic components, effective 
to oxidize CO, hydrocarbons and hydrogen in the presence of oxygen and to reduce 
nitrogen oxides, each of said catalytic components being characterized in that it begins 
catalyzing oxidation of hydrocarbons at a different temperature; and has a unique 
temperature range in which it selectively catalyzes the reduction of nitrogen oxides with 
at least some available hydrocarbons, said unique temperature range being different for 
each component and occurring at or near the onset of hydrocarbon oxidation activity for 
said component, said components being disposed in reverse order of the temperature 
range for nitrogen oxides reduction so that the component that reduces nitrogen oxides 
at the highest temperature range is exposed first to the exhaust gases and the component 
that reduces nitrogen oxides at the lowest temperature range is exposed last to the exhaust 
gases. 

2. The multi-component catalyst of Claim 1 having a first, .a second and a third catalytic 
component that are exposed to exhaust gases in sequence, so that: 

(a) said first catalytic component, which is the catalytic component that 
reduces nitrogen oxides at the highest temperature range, contacts the 
exhaust gases before the second and third catalytic components; 

(b) said second catalytic component, which is the catalytic component that 
reduces nitrogen oxides at the next highest temperature range, contacts 
the exhaust gases after the first catalytic component does and before the 
third catalytic component does; and 

(c) said third catalytic component, which is the catalytic component that 
reduces nitrogen oxides at the lowest temperature range, contacts the 
exhaust gases last. 

3. The multi-component catalyst of Claim 1 having a first, a second and a third catalytic 
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component that are deposited on a substrate in sequence, so that: 

(a) said third component, which is the catalytic component that reduces 
nitrogen oxides at the lowest temperature range, is deposited on the 
substrate first; 

5 (b) said second component, which- is the .catalytic component that reduces 

nitrogen oxides at the next Mgher temperature range; js deposited on top 
of the third component-arid - r: -i: : . < - 

(c) said firet -cbmponentp^Meh Is^the catadytic/copipQneijI/ that reduces 
mtrbgleri bkidefs at the' highest ternperatiire range, Js deposiited on top of 
10 -thc&c6hd : Cofa^ ; : .l ^ 



4. The mutti-tompdnfctff tat^Vst ^^(rM^^or'^'twheiein saidfirst; catalytic component 
reduces r&fogkft''6&tik& said /.second catalytic 
componeht 6fefweeh xrfctrt 31* ^ i£nd -§b6U$ 475?€; and-saidr&tf4i^|alytic component 

15 between abdtit 20<FOliiid 7 aB6"Be^2f ^'Gl :s '**L*s < -.i%^\uii\z^vAy^ y .: 

5. The multi-component catalyst of Claim 2 or 3 wherein 

(a) said "first- eafaly^^ from the group 
consisting^ : - y::/ ::: wxlyj oi •>:?:•. 2 ^ 

20 (i) alumina having dispers^thereon^axatalytically effective amount of a 

material- selected from / the > group consisting of Au, Pt/Au alloys and 
mixtures, oxidized GUj oxidized Ag^ Ga 2 0 3 , ln 2 0 3 , and dispersed Sn0 2 ; 
(ii) zeolite having dispersed thereon a catalytically effective amount of Cu 
and Ag; and, 

25 (iii) Y" a l um i na having dispersed thereon a catalytically effective amount of 

CoO; 

(b) said second catalytic component comprises a catalyst selected from the group 
consisting of: 

(i) alumina having dispersed thereon a catalytically effective amount of 
30 Pt/Ag alloys and/or mixtures; 

(ii) barium oxide-stabilized 5-aiumina having dispersed thereon a 
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catalytically effective amount of an alloy of Pt and Rh, and 
(iii) molecular sieve having dispersed thereon a catalytically effective amount 
of Rh; and 

(c) said third catalytic, component ;compri$es, a catalyst selected from the group 
consisting of: . t ^ . 

(i) Y-zeolite having dispersed therepn a catalytically effective amount of Pt; 
and 

(ii) a- alumina having dispersed thejeon £ catalytically effective amount of a 
material selected from the group consisting of Pt, Pt/Rh alloy, Pt/Pd/Rh 
alloy and Pt/Rh/Co alloy. ^ ; r: ; n 

The multi-component catalyst of Claim 2 or 3 wherein: ;) 

a) the first catalytic component and -third ^ . ca^ytiq^co^nponent comprises a 
catedytically effective amount q£, IH; dispersed on .admixture of alumina and 
aluminosilicate, said almiiinosilicat^rbei»g in, proton form, possessing the 
MFI structure and havmg a Si/Al mole^tio qf and, 

b) the second catalytic component comprises a catalytically effective amount of Pt 
dispersed on def^luminated Y-zeolite crystals in the proton form having diameters 
within a range of O^jaxmto 50 jam.,, wherein the Pt is dispersed on the crystals 
in a manner such -that at least 90 % of the Pt is located within 500A of the exterior 
surface of the crystals. 

The multi-component catalyst of Claim 2 or 3 having only two catalytic components 
wherein said first component comprises a catalyst selected from the group consisting of: 

(i) alumina having dispersed thereon a catalytically effective amount of a material 
selected from the group consisting of Pt/Au alloys and mixtures, oxidized Cu, 
oxidized Ag, Ga^, ln 2 0 3 , and dispersed Sn0 2 ; and, 

(ii) zeolite having dispersed thereon a catalytically effective amount of Cu and Ag; 
and wherein said second component comprises a catalyst selected from the group 
consisting of: 

(i) a catalytically effective amount of Pt dispersed on alumina and an 

24 



SUBSTITUTE SHEET (RULE 26) 



WO 00/00272 PCT/US98/19281 
aluminosilicate, said aluminosilicate being in the proton form, possessing the 
MFI structure and having a Si/Al mole ratio of 19; and 
(ii) a catalytically effective amount of Pt dispersed on dealuminated Y-zeolite 
crystals in the proton form having diameters within a range of 0.5 fim. to 50 nm., 
wherein the Pt is dispersed on the crystals in a manner such that at least 90 % of 
the Pt is located within -500 A of the exterior surface of the crystals. 

The multi-component catalyst of Claim 2 or 3 having only two catalytic components 
wherein: v v ■;- — s . 

the first component comprises a catalytically effective amount of Pt dispersed on a 
mixture of alumina and aluminosilicate, said aluminosilicate being in the proton form, 
possessing the MFI structure and having -a- Si/Al mole ratio of 19; and 
the second catalytic component comprises acatalytically effective amount of Pt dispersed 
on deahimiiiated Y-zeolite- crystals in the proton form having, diameters within a range 
of 0.5 |im. to 50 \iol; wherein the Pt is dispersed on the crystals jn a manner such that at 
least 90 % of the Pt is located withiriSOOA of the exterior surface of the crystals. 

A method for selecting a multi-component catalyst for .removing carbon monoxide, 
hydrocarbons, and nitrogen oxides ih>m.;the exhaust gases of a lean-burn internal 
combustion engine operating with ah -air-fuel ratio above about 18 comprising: 

a) determining the NO x and hydrocarbon , conversions of candidate catalytic 
components as a function of temperature; 

b) eliminating all candidate components that do not catalyze selective reduction of 
NO x using hydrocarbons as reducing agents in oxidizing catalysts; 

c) eliminating all candidate components surviving step (b) that do not catalyze 
oxidation of hydrocarbons under oxidizing conditions; 

d) proposing at least one multi-component catajyst suitable for the desired exhaust 
gas treatment by selecting : and; arranging their order of assembly from the 
candidate components surviving ^tep (c); 

e) for each of the proposed multi-component catalysts from step (d), constructing 
a mathematical function for each component, said function being that 
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component's NO x conversion as a function of temperature; 

f) for each of the proposed multi-component catalysts from step (d), constructing 
a mathematical function that is the maximum NO x conversion of that multi- 
component catalyst's candidate components' NO x conversions as a function of 
temperature; 

g) using the functions from step (f), defining each proposed multi-component 
catalyst's NO x reduction window to be the range of temperature between the 
lowest and highest temperature that NQ X conversion is greater than zero; 

h) eliminating candidate multi-component catalysts for which the mean value of 
each of the functions constructed in step (f) for its reduction window determined 
in step (g) is not greater than the greatest mean value of the corresponding 
components" set of mean values of the functions constructed in step (e) for the 
same reduction window; 

i) for each candidate multi-component catalyst surviving step (h), designating its 
component proposed to first contact the exhaust gas as component #1, its 
component proposed to next contact the exhaust gas as component #2 and so on 
through its component proposed to last contact the exhaust gas as component 
#n; 

j) for each candidate multi-component catalyst surviving step (h) and using the 
component designations from step (i), constructing a series of functions 
numbering n-1 wherein the hydrocarbon conversion of component #1 vs. 
temperature is the first function in the series, the sum of the hydrocarbon 
conversions of components #1 and #2 is the second function in the series, and the 
sum of the hydrocarbon conversions of components #1 , #2, and #n-l is the n- 
1 function in the series, and wherein said sum is limited to 100%; 

k) eliminating all candidate multi-component catalysts surviving step (h) for which 
the temperature range for NO x reduction by component #n does not occur at a 
temperature range where the hydrocarbon conversion of the n-1 function 
determined in step (j) is more than essentially zero, the temperature range for 
NO x reduction by component #n-l does not occur at a temperature range where 
the hydrocarbon conversion of the n-2 function is more than essentially zero, 
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and the temperature range for NO x reduction by component #2 does not occur at 
a temperature range where the hydrocarbon conversion of the first function is 
more than essentially zero; 
1) selecting one of the multi-component catalysts surviving step (k). 

5 

10. A method for removing carbon monoxide, hydrocarbons, and nitrogen oxides from the 
exhaust gases of a -lean-burn internal combustion engir e operating with an air-fuel ratio 
above about 1 8 wherein said exhaust gases pass through the catalyst of Claim 1 prior to 
being exhausted to the atmosphere. 
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AMENDED CLAIMS 

[received by the International Bureau on 26 May 1999 (26.05.99); 
original claims 1-10 replaced by amended claims 1-10 (6 pages)] 

1 1 . A multi-component catalyst for removing carbon monoxide, hydrocarbons, and nitrogen 

2 oxides contained in exhaust gases from a lean-burn internal combustion engine, said 

3 engine operating with an air-fuel ratio above about 1 8, comprising at least two catalytic 

4 components, wherein 

5 a) each component is capable of reducing nitrogen oxides within a range of exhaust 

6 gas temperatures that is different from the range of exhaust gas temperatures 

7 within which each other component is capable of reducing nitrogen oxides, and 

8 b) wherein said components are spatially arranged so that each component contacts 

9 said exhaust gaises in ah order that results in there being a sufficient amount of 

10 hydrocarbons remaining in said exhaust gases to reduce nitrogen oxides in the 

1 1 temperature range within which that component is capable of reducing nitrogen 

12 oxides. 

1 2. The multi-component catalyst of Claim 1 further comprising three catalytic components, 

2 a first, a second and a third catalytic Component, that are spatially arranged to contact 

3 the exhaust gases in sequence, so that: 

4 (a) said first catalytic component, which is the catalytic component that 

5 reduces nitrogen oxides at the highest temperature range, contacts the 

6 exhaust gases before the second and third catalytic components; 

7 (b) said second catalytic component, which is the catalytic component that 

8 reduces nitrogen oxides at the next highest temperature range, contacts 

9 the exhaust gases after the first catalytic component does and before the 

10 third catalytic component does; and 

11 (c) said third catalytic component, which is the catalytic component that 

12 reduces nitrogen oxides at the lowest temperature range, contacts the 

13 exhaust gases last. 

1 3. The multi-component catalyst of Claim 1 further comprising three catalytic components, 

2 a first, a second and a third catalytic component, deposited on a substrate so that: 
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3 (a) said third component, which is the catalytic component that reduces 

4 nitrogen oxides at the lowest temperature range, is deposited on the 

5 substrate, first; 

6 (b) said second qompQnpnt,.whiph,is the catalytic component that reduces 

7 nitrogen oxides at the next higher temperature range, is deposited on top 

8 of the third component; and 

9 (c) said .first component, which is th^ catalytic component that reduces 

10 f nitrogen oxides at ,thp ; highest tejnp.erature range, is deposited on top of 

11 ..fas -wqpn^pompqnsRt^^.,. ...... .. . • 

1 4. The multi -opponent c^t^ wherein said first catalytic component 

2 reduces ^itrogen .oxides between, abput.475 °Q .and about 800 °C, said second catalytic 

3 compone^t;^ei^^pn.at!Oiit.3 -15 °C anc^ a^o^t .475 °C* and. said. third catalytic component 

4 between about 200°C and about 425 °C. 

1 5. The multi-con^oqe^ ^herein ^ , 

2 (a) said *.fijrs$ T c^talytip. r cpmpQnpnt v pompfi^f $ . a catalyst selected from the group 

3 consisting of: / ; , r . _ ,. ( . M ^ ,^ , 

4 (i) alumina having, disperse.^ t^Prepn a catalytically effective amount of a 

5 material selected from, the group .ponsistin^ of Pt/Au alloys and mixtures, 

6 oxidized Cu, oxidized Ag> Ga 2 0 3 , ln 2 0 3 , and dispersed Sn0 2 ; 

7 (ii) zeolite having dispersed thereon a catalytically effective amount of Cu 

8 and Ag; and, 

9 (iii) y-akummzL having dispersed thereon a catalytically effective amount of 

10 CoO; 

1 1 (b) said second catalytic component comprises a catalyst selected from the group 

12 consisting of: 

13 (i) alumina having dispersed thereon a catalytically effective amount of 

14 Pt/Ag alloys and/or mixtures; 

15 (ii) barium oxide-stabilized 5-alumina having dispersed thereon a 

16 catalytically effective amount of an alloy of Pt and Rh, and 
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1 7 (iii) molecular sieve having dispersed thereon a catalytically effective amount 

18 ofRh;and 

19 (c) said third catalytic component comprises a catalyst selected from the group 

20 consisting of: 

21 (i) Y-zeolite having dispersed thereon a catalytically effective amount of Pt; 

22 and 

23 (ii) cx-alumina. having dispersed thereon a catalytically effective amount of a 

24 material selected from the group consisting of Pt, Pt/Rh alloy, Pt/Pd/Rh 

25 alloy and Pt/Rh/Co alloy. 

1 6. The multi-component catalyst of Claim 1 further comprising two catalytic components, 

2 a first and a second catalytic component, wherein: 

3 a) the first catalytic component comprises a catalytically effective amount of Pt 

4 dispersed on a mixture of alumina arid aluminosilicate, sai d aluminosilicate being 

5 in the proton form, possessing the MFI structure and having a Si/Al mole ratio 

6 of 19; and - ~ - >••[■ .' . 

7 b) the secoiid catalytic component comprises a catalytically effective amount of Pt 

8 dispersed on deahmiinated Y-zeolite crystals, sedd crystals being in the proton 

9 form and having diameters within a range of 0.5 |im. to 50 |im., wherein the Pt 

10 is dispersed on the crystals in a manner such that at least 90 % of the Pt is located 

1 1 within 500A of the exterior surface of the crystals. 

1 7. The multi -component catalyst of Claim 1 further comprising two catalytic components, 

2 a first and a second catalytic component, wherein the first component comprises a 

3 catalyst selected from a group consisting of: 

4 (i) alumina having dispersed thereon a catalytically effective amount of a material 

5 selected from the group consisting of Pt/Au alloys and mixtures, oxidized Cu, 

6 oxidized Ag, Ga 2 0 3 , ln 2 0 3 , and dispersed Sn0 2 ; and, 

7 (ii) zeolite having dispersed thereon a catalytically effective amount of Cu and Ag; 
8 

9 and wherein said second component comprises a catalyst selected from the group 
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10 consisting of: 

11 (i) a catalytically effective amount of Pt dispersed on alumina and an 

12 aluminosilicate, said aluminosilicatc being in the proton form, possessing the 

13 MFI structure and having a Si/Al mole ratio of 19: and 

14 (ii) a catalytically effective amount of Pt dispersed on dealuminated Y-zeolite 

15 crystals, said crystals being in the proton form and having diameters within a 

16 range of 0.5 jim. to 50 ( um., wherein the Pt is dispersed on the crystals in a 

17 manner such that at least 90 % of the Pt is located within 500A of the exterior 

18 surface of the crystals. 

1 8. A method for selecting a multi^ompoiient catalyst for removing carbon monoxide, 

2 hydrocarbons, and nitrogen oxides: from .the exhaust gases of a lean-burn internal 

3 combustion engine operating with anvaiE-fuei ratio above about 18 comprising: 

4 a) detennifiing ; -the^iNG)^ iand.ih^oca^bpn conversions of candidate catalytic 

5 components as: a fiinction^Jt^nj^erat^re; 

6 b) eliminating all candidate components that do not catalyze selective reduction of 

7 NO x itsing hydrocarbons as reducijijg, ^genjs in oxidizing catalysts; 

8 c) eliminating all candidate; compofne^tS! (Surviving step (b) that do not catalyze 

9 oxidation of hydrocarbons undor^xid : iz.ing conditions; 

10 d) proposing at least one muiti-rcomponent catalyst suitable for the desired exhaust 

11 gas treatment by selecting and arranging their order of assembly from the 

12 candidate components surviving step (c); 

13 e) for each of the proposed multi-component catalysts from step (d), constructing 

14 a mathematical function for each component, said function being that 

1 5 component's NO x conversion as a function of temperature; 

16 f) for each of the proposed multi-component catalysts from step (d), constructing 

17 a mathematical function that is the maximum NO x conversion of that multi- 

18 component catalyst's candidate components' NO x conversions as a function of 

19 temperature; 

20 g) using the functions from step (0, defining each proposed multi-component 

21 catalyst's NO x reduction window to be the range of temperature between the 
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22 lowest and highest temperature that NO x conversion is greater than zero; 

23 h) eliminating candidate multi-component catalysts for which the mean value of 

24 each of the functions constructed in step (f) for its reduction window determined 

25 in step (g) is not greater than the greatest mean value of the corresponding 

26 components 5 set of mean values of the functions constructed in step (e) for the 

27 same reduction window; 

28 i) for each candidate multi-component catalyst surviving step (h), designating its 

29 component proposed to first contact the exhaust gas as component #1, its 

30 component proposed to next contact the exhaust gas as component #2 and so on 

3 1 through its component proposed to last contact the exhaust gas as component 

32 #n; 

33 j) for each candidate multi-component catalyst surviving step (h) and using the 

34 component designations from step (i), constructing a series of functions 

35 numbering n-1 wherein the hydrocarbon conversion of component #1 vs. 

36 temperature is the first function in the series, the sum of the hydrocarbon 

37 conversions of components #1 and #2 is the second function in the series, and the 

38 sum of the hydrocarbon conversions of components #1, #2, and #n-l is the 

39 n-1 function in the series, and wherein said sum is limited to 100%; 

40 k) eliminating all candidate multi-component catalysts surviving step (h) for which 

41 the temperature range for NO x reduction by component #n does not occur at a 

42 temperature range where the hydrocarbon conversion of the n-1 function 

43 determined in step (j) is more than essentially zero, the temperature range for 

44 NO x reduction by component #n-l does not occur at a temperature range where 

45 the hydrocarbon conversion of the n-2 function is more than essentially zero, 

46 and the temperature range for NO x reduction by component #2 does not occur at 

47 a temperature range where the hydrocarbon conversion of the first function is 

48 more than essentially zero; 

49 1) selecting one of the multi-component catalysts surviving step (k). 

1 9. A method for removing carbon monoxide, hydrocarbons, and nitrogen oxides from the 

2 exhaust gases of a lean-bum internal combustion engine operating with an air-fuel ratio 



32 



BNSDOCID: <WO 0000272A1„L> 



AMENDED SHEET (ARTICLE 19) 



WO 00/00272 PCT7US98/19281 

3 above about 1 8 comprising contacting said exhaust gases with one of the catalysts of 

4 Claims 1-7. 

1 10. A multi-component catalyst for removing carbon monoxide, hydrocarbons, and nitrogen 

2 oxides from the exhaust gases of a lean- burn internal combustion engine operating with 

3 an air-fuel ratio above about 1 8 comprising a catalyst chosen by the method of Claim 8. 
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